Abstract-As power systems become more and more interconnected, the inter-area oscillations has become a serious factor limiting large power transfer among different areas. Underdamped (Undamped) inter-area oscillations may cause system breakup and even lead to large-scale blackout. Traditional damping controllers include Power System Stabilizer (PSS) and Flexible AC Transmission System (FACTS) controller, which adds additional damping to the inter-area oscillation modes by affecting the real power in an indirect manner. However, the effectiveness of these controllers is restricted to the neighborhood of a prescribed set of operating conditions. In this paper, decentralized robust controllers are developed to improve the damping ratios of the inter-area oscillation modes by directly affecting the real power through the turbine governing system. The proposed control strategy requires only local signals and is robust to the variations in operation condition and system topology. The effectiveness of the proposed robust controllers is illustrated by detailed case studies on two different test systems.
I. INTRODUCTION
The inter-area oscillations of low frequency are inherent phenomena between synchronous generators that are interconnected by transmission systems. It has been pointed out in [1] that these oscillations often become poorly damped with heavy power transfer between different areas over weak connections of long distance. Because sustained oscillations could cause system breakup and even lead to large-scale blackout, it is extremely important to maintain the stability of these oscillations for the system security. However, environmental constraints and economic pressures often push power systems close to their operational limits [2] , which substantially reduces the stability margin of the normal operation. One of the prominent events caused by undamped oscillations is the notable breakup and blackout in the western North American Power System on August 10, 1996 [3] . To ensure the secure system operation, the amount of power transfer on tie-lines between different areas are often limited due to the inter-area oscillations that are poorly damped. Hence, new control strategies that can improve the damping of these inter-area oscillations are needed to increase the transmission capacity for a better utilization of the existing transmission network.
The well-known damping controller is the power system stabilizer (PSS) [4] . It adds a supplementary control signal into the generator excitation system through the automatic voltage regulator (AVR) to apply an additional electric torque on the generator rotor. However, the classical design of the PSS, which relies on the linearization of a single-machine infinite-bus (SMIB) model, has two major shortcomings. First, the SMIB model is a reduced-order model by neglecting those important dynamics associated with network interconnections. It cannot adequately describe the inter-area oscillation modes due to network interconnections. Hence, the classical PSS is effective in damping local oscillation, but it may not provide enough damping to the inter-area oscillations unless carefully tuned. Furthermore, the local controller design is independent of one another without any proper coordination among them. Second, the linearization based controller design greatly restricts the validity of the controller to the neighborhood of the operating point under consideration. When the system loading or network topology drastically changes during the normal system operation, the resulting PSS may no longer yield satisfactory damping effect.
Another approach of damping the inter-area oscillations is to introduce various supplementary modulation controllers to flexible AC transmission system (FACTS) devices (see, for example, [5] - [8] ). Although FACTS controllers can achieve satisfactory damping effect for inter-area oscillations [9] , it is not cost-effective to use them for the sole purpose of damping control. On the other hand, FACTS controllers share the same shortcoming with the classical PSS due to the linearization based controller design. Furthermore, the interactions between FACTS controllers and the PSSs could even potentially degrade the damping without proper coordination [10] .
Recently, there have been a lot of efforts into the development of coordinated and robust PSSs for power systems [11] - [14] . In [11] , robust tuning based on eigenvalue analysis was proposed to select the parameters of PSSs over a prescribed set of operating conditions. In [12] , a novel method based on modal decomposition was proposed to eliminate the interactions among different modes for tuning PSSs. In [13] and [14] , robust PSSs were designed by utilizing robust control techniques such as µ-synthesis and linear matrix inequality (LMI). In addition to robust PSSs, robust excitation control strategies have also been developed for damping control and the resulting controllers have different structure from that of the classical PSS. In [15] , a novel methodology was proposed to design robust excitation controller based on the polytopic model for improved robustness over varying operating conditions. Although these newly developed robust damping controllers are more robust than the classical PSS, their robustness is still limited to a finite number of operating conditions.
There have been also persistent efforts on determining appropriate global signals as the control input of classical PSSs and FACTS controllers as in [16] and [17] . Because the feedback of global signals actually establishes the correlation among independent local controllers, it is more effective than the feedback of local signals only. These efforts have been particularly facilitated by the technology of wide area measurement system (WAMS) enabled by the development of Phasor Measurement Unit (PMU). Many WAMS-based damping controllers have been developed (see, for example, [18] - [21] ). However, the robustness of WAMS-based damping controllers to the variations in operating condition and system topology still requires further investigated. Moreover, the destabilizing factors of communication network such as time-varying delay and random packet dropout has to be explicitly taken into account for the reliability purpose [22] , which greatly complicates the corresponding controller design.
In most cases, the inter-area oscillations are usually caused by transferring real power between interconnected areas. Thus, it is a straightforward way to control the real power in the system for the oscillation mitigation. However, the majority of existing damping controllers introduce additional damping to the inter-area oscillation modes through either generation excitation system (e.g., PSS) or transmission line (e.g., FACTS), which actually affects the real power in an indirect manner. Some of the work that directly affects the real power to damp the inter-area oscillations has been reported in [23] - [25] . In [23] , robust damping controllers were designed for superconducting magnetic energy storages to enhance the damping of multiple inter-area modes by injecting real power into the system. It is shown that real power modulation can be an effective way to damp power flow oscillation, although the resulting controller therein is only robust to the prescribed set of operating conditions. In [24] , two damping control systems using ultracapacitor based energy storages for real power injection were designed for areas expected to oscillate against one another. Because the frequency measurement of one area is required by the controller in the other area, the communication effects could greatly degrade the expected controller performance. In [25] , a Modal Analysis for Grid Operations (MANGO) procedure was established to enable grid operators to immediately mitigate the inter-area oscillations by adjusting operating conditions, where the detection of low damping is achieved by the modal analysis with real-time phasor measurements. The MANGO procedure can enact as part of a remedial action scheme. However, the interactions among different oscillation modes make it challenging to determine universal dispatch patterns that are effective for all the inter-area oscillation modes.
In this paper, the decentralized robust control strategy developed in [26] is adopted herein to improve the damping ratios of the inter-area oscillation modes. In [26] , a distributed hierarchical control architecture was proposed for large-scale power systems to improve the transient stability and frequency restoration. However, the capability of this control strategy in enhancing the small signal stability of multiarea power systems has not been analyzed yet. Hence, it is the main focus of this paper to show the effectiveness of this control strategy in mitigating the inter-area oscillations. This robust controller introduces an auxiliary control signal into the turbine governing system through the governor to apply an additional mechanical torque on the generator rotor. This principle is similar to that of the PSS, whereas the PSS provides an additional electric torque on the generator rotor through the generator excitation system. The proposed control strategy has several appealing advantages ascribed to the underlying coordinated controller design. First, it is robust to the variations in operating condition and system topology. This is because the corresponding controller design does not require system linearization over a specific operating condition, nor does it depend on a specific network topology either. Such robustness is extremely crucial for the secure operation of power systems, which constantly experience changes in operating conditions and transmission networks. Second, it has no destructive interference with existing PSSs in the system regarding damping control, which eliminates the need of proper coordination. This is because the turbine governing system is weakly coupled with the excitation system. Third, it is decentralized requiring only local signals that are easily obtained for controller implementation, which greatly improves the reliability of the controller by eliminating the use of communication. Lastly, it has simple controller design of low complexity and does not involve additional costly equipments such as power electronics and energy storages, which make it easy for practical implementation. Detailed case studies are performed on both small and medium-sized test systems to illustrate the effectiveness and robustness of the proposed robust controllers in improving the damping ratios of the inter-area oscillation modes.
The remainder of this paper is organized as follows. In Section II, the dynamic model of multi-area power systems is given. In Section III, the design of decentralized robust controllers is described with the discussion of practical implementation. Then detailed case studies are presented in Section IV. Conclusions are found in Section V.
II. SYSTEM MODELING
The multi-area power systems usually consist of a number of generators that are interconnected through a transmission network. In this paper, robust controllers are proposed for generators with steam valve governors. Although only steam valve governors are considered herein, the proposed control strategy can be extended to other types of governors such as hydraulic governors. However, the resulting controller structures could vary due to different turbine governing system dynamics to be considered, which is left for future research. As illustrated in Fig. 1 , the generator dynamics with steam valve governor can be described by the following differential equations:
Rotor Dynamics:
Governor Control: Turbine Dynamics:
In the above dynamics, δ i is the generator rotor angle (rad), ω i is the generator rotor speed (rad/sec), ω ri is the relative rotor speed (rad/sec), ω 0 is the nominal rotor speed (rad/sec), P mi is the mechanical power (p.u.) provided by turbine, P ei is the electrical power (p.u.) resulted from network interconnections, X ei is the valve opening (p.u.), and P ci is power control input (p.u.). For the normal operation of power systems, P ci = P ref ci , which is the prescribed generator reference power received from economical dispatch.
When power systems do not have enough damping, any variations in P ei resulted from the changes in either loading condition or network topology can cause poorly damped oscillations of low frequency. In this work, the proposed decentralized robust controllers will modulate the mechanical power P mi to introduce additional damping to the poorly damped oscillation modes. In the following section, the controller design will be briefly presented. The interested readers are referred to [26] for more details.
III. DECENTRALIZED ROBUST CONTROL
To proceed, suppose there are N generators in the system. Let
. Then the dynamics of the i-th generator can be represented by the following state space model,
where A i , B i and G i can be derived from (1) through (5) and are given by
For each generator, the original power control input P ref ci
will be augmented with a local decentralized control u i so that
where
is an arbitrary operating point, and k i is the linear feedback gain matrix. In practice, x d i can be always chosen as the current equilibrium state of the system before any disturbances.
Remark 1: The state space model (6) is derived without linearization since all the nonlinearities resulted from network interconnections are encompassed by the unknown input P ei . In the following controller design, the variations in P ei will be treated as external disturbances to individual generators and then rejected by the proposed controllers. The determination of controller gain k i in (7) is independent of any specific operating condition or network topology in order to guarantee the controller robustness. The operating point x d i in (7) only serves as the reference from which the control input should be calculated. If the proposed controllers are activated during the normal operation, x d i will be the current equilibrium operating point. If they are activated during the disrupted operation, x d i will be the last equilibrium operating point before the disruption occurs. Once activated in the system, the proposed controllers will continue to work regardless of the operating condition and network topology.
A. Controller Design
Let x (6) and (7) that x e i satisfies the following algebraic equation,
To study the stability of each generator (6) driven by the controller (7) after disturbances, the perturbed system dynamics about the equilibrium state x e i is considered. Let ∆x = [∆x 1 · · · ∆x N ] , where
i is the vector of the deviations of δ i , ω ri , P mi , X mi , and X ei , respectively, from their equilibrium values after disturbances. Then by subtracting (8) from (6), the perturbed dynamics of the i-th generator can be derived as
where ∆u i = u i − u e i = k i ∆x i and h i (∆x) = P ei − P e ei . The unknown input h i (∆x) = P ei − P e ei represents external disturbances resulted from network interconnections.
Given the two-axis generator model described in [27] , the disturbance h i (∆x) can be equivalently represented as
where E qi is the q-axis transient EMF (p.u.), E di is the dqaxis transient EMF (p.u.), C ij cos δ ij − cos δ 
As shown in [28] , the inequality (11) can be further represented as
or, more generally,
where β i ≥ 1 and H i is directly determined from D i . Now, the linear feedback gain matrix k i can be obtained by solving a LMI-based optimization problem as formulated in [28] . It can be shown using similar arguments as in [28] that local decentralized controllers can stabilize the perturbed system (9) if the following optimization problem is feasible, Once the above optimization problem is solved, the gain matrices of local decentralized controllers can be calculated as
When solving the above optimization problem, the system's tolerance to interconnection uncertainties is maximized.
B. Practical Implementation
There are two of many possible ways to practically implement the proposed robust controllers for damping the inter-area oscillations. One way is to keep them activated in the system as a pre-emptive strategy to improve the damping ratios of the inter-area oscillation modes. The other way is to install them in the system without activation until poorly damped interarea oscillations are detected, which can be achieved by the approach of real-time mode estimation as proposed in [29] . In this way, the activation of these pre-installed robust controllers becomes part of the remedial action scheme as an emergency measure to prevent potential cascading power failures. The following simulation results confirm the effectiveness under both ways of controller implementation.
IV. CASE STUDIES
In this section, the effectiveness of the proposed decentralized robust control in improving the small signal stability is first demonstrated under both normal and disrupted system operations. In particular, the robustness of the proposed control with respect to the changes in the operating condition and system topology is illustrated through comparative case studies that are simulated by the Power System Toolbox (PST) [30] . Then the proposed control strategy is also investigated for the case when the power system has only a very limited number of generators equipped with steam valve governors.
Case 1: In this case, the performance of the proposed robust controllers is compared to that of PSSs under different normal operations by varying the operating conditions. The selected test system is an IEEE 2-area, 4-machine test system as shown in Fig. 2 , whose prototype was originally introduced in [4] . Two PSSs are installed on generators G2 and G3, respectively, and a static VAR compensator (SVC) is connected to bus 101. The base case has a 400 MW tie-line flow from the left area to the right area, where the real power of two loads at bus 4 and bus 14 is 976 MW and 1757 MW, respectively. The modal analysis performed in the PST indicates that the base case with PSSs only has a major inter-area oscillation mode around 0.60 Hz with a damping ratio of 6.96%. This inter-area oscillation mode has the minimum damping ratio among all the oscillation modes of the base case with PSSs only. Since all the generators are equipped with steam valve governors, the proposed decentralized robust controllers can be designed for all the generators. When robust controllers are implemented on generators G1 to G4, there is an interarea oscillation mode around 0.70 Hz with a greatly improved damping ratio of 40.16%. However, the oscillation mode of minimum damping ratio is a local mode associated with generators G1 and G2. When robust controllers are implemented on generators G1 and G4, there is an inter-area oscillation mode around 0.65 Hz with a greatly improved damping ratio of 24.10%. However, the oscillation mode of minimum damping ratio is again a local mode associated with generators G1 and G2. When robust controllers are implemented on generators G2 and G3, the oscillation mode of minimum damping ratio is an inter-area oscillation mode around 0.66 Hz with a greatly improved damping ratio of 16.09%. The minimum damping ratio among all the oscillation modes, which is the most used index for evaluating the small signal stability [31] , is listed in Table I for each implementation of robust controllers. Therefore, different controller implementations will lead to different improvements in the small signal stability. The greatest improvement of the minimum system damping occurs when robust controllers are implemented on all the generators.
In order to examine how the minimum damping ratio is correlated with the tie-line flow, various system stress levels are considered by varying the real and reactive power of two loads at buses 4 and 14 with the same percentage. At the same time, the power output of generators G1 to G4 is also changed accordingly by the same percentage. This adjustment pattern creates a number of operating points with different tie-line flows, and it also minimizes the locational effect of generation and load. The corresponding variations of the minimum damping ratio with and without robust controllers are shown in Fig. 3 . When the system has PSSs only, the damping ratio of the major inter-area oscillation mode is very sensitive to the system stress level, and decreases significantly with the increase of tie-line flow as shown in Fig. 3(a) . However, it can be seen from Fig. 3(b) that the minimum damping ratio of the system is not only greatly improved but also much less sensitive to the system stress level, which leads to a higher power transfer capacity. Thus, the effectiveness of the proposed control in improving the small signal stability is robust to varying operating conditions because no linearization is involved in the proposed controller design.
Case 2: In this case, the performance of the proposed control is compared to that of the PSS under the disrupted system operation by changing the system topology, where the same test system used in Case 1 is considered again. The power demand of two loads and the power output of four generators are increased by 5.58% over the base case. That is, the real power of two loads at bus 4 and bus 14 is increased to 1030.4 MW and 1855 MW. As perviously determined, this test system with PSSs only has a major inter-area oscillation mode around 0.55 Hz with a damping ratio of 6.34%. Since the damping ratio is larger than the 5% damping margin, any oscillations resulted from small load fluctuations are expected to be well damped. However, the impact of the topology changes due to contingencies on the test system with PSSs only remains to be examined. Thus, in this case, the system topology is changed by tripping a single line between buses 3 and 101 without fault. After removing one of the lines 3-101, the test system with PSSs only is identified to have a major oscillation mode around 0.44 Hz with a damping ratio of 0.46%. It turns out that the selected topology change has a very large impact on the test system with PSSs only, which causes a 5.88% damping reduction. Although there are still PSSs on generators G2 and G3, the resulting system is expected to exhibit a highly oscillatory response, which is dangerous since it may lead to system breakup and large-scale blackouts. Now consider the test system with robust controllers. When robust controllers are implemented on G1 to G4, the test system after topology change has a local oscillation mode around 1.30 Hz with the minimum damping ratio of 23.24%. When robust controllers are implemented on generators G1 and G4, the test system after topology change has a local oscillation mode around 1.18 Hz with the minimum damping ratio of 18.20%. When robust controllers are implemented on generators G2 and G3, the test system after topology change has an inter-area oscillation mode around 0.48 Hz with the minimum damping ratio of 16.90%. Unlike the PSSs, the proposed control maintains adequate system damping even when the system topology changes. In order to better illustrate the robustness of the proposed control with respect to the topology changes, the dynamic response of the test system is simulated, respectively, with and without robust controllers. In the first dynamical simulation, the robust controllers are assumed to be activated in the test system all the time, and the corresponding response of the relative rotor angle between generators G3 and G1 is shown in Fig. 4(a) . In the second dynamical simulation, the robust controllers are not online initially. They are only activated after 10 sec as the reaction to the detection of sustained oscillatory system response. It can be seen from Fig. 4(b) that the robust controllers can quickly damp out the oscillations once they are activated.
Case 3: In this case, the performance of the proposed control is investigated when the power system has only a very small number of generators with steam valve governors. In such a case, the effectiveness of the proposed control could be limited due to the restrictive placement of robust controllers. The selected test system is the 17-machine system developed in [32] , which is a modified version of the one originally developed in [33] as a simplified model of the western North American power grid. This test system as shown in Fig. 5 consists of generator buses 17 through 24 and 45, and load buses 31 through 41. All the generators except generator G17 are set to work in pairs. Each pair consists of a base generator (G1 to G8) without speed governor and a loadfollowing generator (G9 to G16) with speed governor. Only four of the load-following generators (G11, G12, G13 and G15) are equipped with steam valve governors, while the rest and reactive loads is obtained by passing independent Gaussian white noise through a filter. It has been hypothesized that such a filter is appropriate for load modeling. The key to select observability of the tral plot as a domi peak at the mode(s frequencies. The si to an extent typica VII. DATA PR To obtain optima gorithm, the data m parameters must be dards and optimal ducting, many Mo system [17] , result are equipped with hydraulic governors. Generator G17 is a base generator without speed governor. All the generators are equipped with fast voltage regulators and PSSs.
The modal analysis indicates that this test system with PSSs only has four major inter-area oscillation modes around 0.30 Hz, 0.40 Hz, 0.60 Hz and 0.80 Hz, where the 0.40 Hz mode has the minimum damping ratio. In order to investigate the correlation between the damping ratios of these interarea oscillation modes with the system stress level, the power output of generator G2 and the power demand at bus 35 are adjusted by the same percentage, which is 100% for the base case. It can be seen from Fig. 6 that there exists a consistent correlation between the damping ratio of the 0.40 Hz mode and the system stress level when there are only PSSs in the system. Similar correlation also exists for all the other inter-area oscillation modes. When robust controllers are implemented on generators G11, G12, G13 and G15, the damping ratios of the 0.30 Hz, 0.60 Hz and 0.80 Hz modes are greatly improved and maintained above the 5% damping margin at various system stress levels. However, it can be seen from Fig. 6 that the effectiveness of the proposed control in improving the damping ratio of the 0.40 Hz mode is not that significant because the required damping margin cannot be achieved when the system is highly stressed. This is mainly because there are no robust controllers implemented in the areas interconnected by the tie-lines between buses 17 and 18. The low damping ratio of the 0.4 Hz mode is the result of large power flow over the line 17-18. Therefore, the effectiveness of the proposed control requires that robust controllers be implemented in the areas that contribute to the poorly damped inter-area oscillation modes. Since it is not feasible for the given 17-machine test system to satisfy this requirement, other damping controllers should be deployed in the areas around buses 17 and 18 to complement the existing four robust controllers in improving the small signal stability. For example, selective FACTS controllers can be considered to be installed on the line 17-18.
In order to verify the above implementation requirement for the guaranteed effectiveness of the proposed control, the damping ratio of the 0.40 Hz mode is examined for a modified 17-machine system as shown in Fig. 7 . In this modified system, the original generator G2 in Fig. 5 is split into two generators, G2 and G18. The new G2 is still equipped with the hydraulic governor, while the new G18 is equipped with the steam valve governor. Their machine parameters are carefully selected such that the damping ratio of the 0.4 Hz mode for the base case keeps the same after the system modification. As shown in Fig. 8 , when an additional robust controller implemented on generator G18, the damping ratio of 0.4 Hz mode is greatly improved and the required damping margin is guaranteed at various system stress levels. It confirms again the robustness of the proposed control to varying operating conditions. With the modified 17-machine system in Fig. 7 , the impact of topology changes resulted from N − 1 contingencies on the damping ratio of the 0.40 Hz mode for the base case is also evaluated. Total 51 topology changes are considered with each associated with the tripping of one transmission line. The resulting damping ratio of the 0.40 Hz mode after contingency is shown in Table II , where there are 15 cases with converged power flow after simple line tripping. It is confirmed again that the effectiveness of the proposed control in improving the small signal stability is robust to the topology change.
V. CONCLUSIONS
In this paper, decentralized robust controllers have been developed for generators with steam valve governors to improve the damping ratios of the inter-area oscillation modes by directly affecting the real power in the system. The proposed damping control strategy introduces an auxiliary control signal into the governor, creating an additional mechanical torque on the generator rotor. It has several important advantages over the existing damping strategies. The most valuable advantage is the robustness with respect to different operating conditions and system topologies. The controller performance has been demonstrated by detailed case studies on both small and medium-sized test systems. It has been shown that the small signal stability of power systems can be effectively enhanced by the proposed robust control to allow larger power exchange between distinct areas, which in turn leads to higher transmission capacity and better network utilization. Currently, the proposed control strategy is being extended to include generators with hydraulic governors as well, which are particularly prevalent in the Pacific Northwest. Furthermore, the approach of mitigating the inter-area oscillations directly through real power control is also under investigation for other energy resources such as energy storage or wind generators in addition to conventional generators.
